The majority of Earths biodiversity is unknown. This is particularly true for the 19 vast part of soil biodiversity, which rarely can be observed directly. 20
2 species. Therefore conservation planning and assessment are still based on 26 fruitbody inventories. Based on a dataset of unprecedented width and depth, 27 representing both soil eDNA-metabarcoding and expert inventorying of fungal 28 fruitbodies, we document for the first time the validity of eDNA as practical 29 inventory method and measure of conservation value for fungi. Fruitbody data 30 identified fewer species in total and per site, and had larger variance in site 31 richness. Focusing on macrofungi -the class Agaricomycetes, and in turn the 32 order Agaricales -metrics of total richness and compositional similarity 33 converged between the methods. eDNA was suboptimal for recording the 34 non-soil dwelling fungi. β-diversity was similar between methods, but more 35 variation in community composition could be explained by environmental 36 predictors in eDNA data. The fruitbody survey was slightly better in finding 37 red-listed species. We find a better correspondence between biodiversity 38 indices derived from fungal fruitbodies and DNA-based approaches than 39 indicated in earlier studies. We argue that (historical) fungal community data 40 48 1.1 methods for inventorying fungi 49
For decades, inventory and identification of fungal fruitbodies were -together 50 with isolation and culturing -the only way to assess fungal communities 51 4 al., 2012). Fruitbody formation and duration are highly influenced by (local 77 variations in) season and weather conditions, which may hamper 78 comparisons of sites, unless sampling is repeated over several years (Newton 79 et al., 2003; O'Dell et al., 2004) . 80 81 1.3 eDNA-metabarcoding 82 eDNA-metabarcoding is low tech when it comes to field sampling, but require 83 high tech lab facilities and advanced post sequencing bioinformatics. It 84 provides a broader taxonomic sample of the fungal community of not only the 85 sexually reproducing, fruitbody forming fungi. Sampling of soil eDNA is less 86 dependent on seasonality and climatic variation. Also, the majority of fungal 87
biodiversity has yet to be described (Hibbett et al., 2011 ) and a large 88 proportion of available barcode references lack proper annotation (Hibbett et 89 al., 2011; Hibbett et al., 2016; Nilsson et al., 2016; Yahr et al., 2016) . This 90 limits ecological interpretation of detected community differences in relation to 91 guild structure, trait space or taxonomic composition. Furthermore, when 92 sampling for eDNA only a tiny fraction of a particular site surface area can be 93 sampled, even with an intensive design. Hence, the sample representativity 94 depends on the heterogeneity of species distributions within habitats and the 95 size of mycelia (Lilleskov et al., 2004 ) -factors not easily assessed. This is a 96 potential caveat, especially for detection of rare species -e.g. red-listed taxa 97 -important for nature conservation (van der Linde et al., 2012). Although 98 eDNA-metabarcoding has been shown to successfully identify red-listed 99 species (Geml et al., 2014 Soil was collected from all sites followed by DNA-extraction and sequencing 192 with primers targeting fungi as described elsewhere (Brunbjerg et al., 2017a) . For the more descriptive analyses, we used full fruitbody data. For some more 217 direct comparisons, we restricted the fruitbody data to species collected at the 218 soil surface for a more qualified comparison, as it was evident that only a 219 small proportion of the non-soil fungi were registered by the soil-based eDNA-220 metabarcoding. Furthermore both datasets were filtered to obtain two 221 increasingly taxonomically focussed subsets -Agaricomycetes and 222
Agaricales. eDNA-metabarcoding and fruitbody data were then assessed for 223 correspondence in a set of biodiversity metrics. Species composition was the 224 10 focus of the study, and as biological abundance is difficult to assess with 225 either method, presence/absence data was used for all analyses. 226 227 2.5 Overlap between methods 228
The frequency of each species/OTU across the 130 sites was assessed for 229 the full datasets, and the proportion of species/OTUs recorded with both 230 methods or only as fruitbody or OTU was assessed. As incomplete and 231 insufficiently annotated DNA reference data exacerbate the discrepancies 232 between fruitbody and metabarcoding data, some focussed analyses were 233 performed on only the species recorded with both methods ('coinciding 234 species'). The fruitbody survey recorded fewer species than the eDNA-metabarcoding 270 approach ( Fig. 1a , Supplementary Fig. 1 ). The fruitbody survey included 271 considering only the 463 coinciding species, r = 0.81 with a slope close to 1 292 ( Fig. 1d ). 293 394 (37%) of the 1,067 soil fruitbody species were also registered as OTUs, 294
whereas only 69 (10%) of the 684 non-soil fruitbody species were also 295 registered as OTUs. Per site, an average of 6.3% of the soil fruitbody species 296 were captured as OTUs, but only 0.18% of the non-soil fruitbody species. As it 297 was evident that the soil eDNA captured little of the non-soil funga, we made 298 13 comparison analyses of site richness and red-list recording both using the full 299 fruitbody data but also on fruitbody data excluded the non-soil species. 300 301 3.2 Overall species richness and sampling effort 302
Although the exact logging of expenses was not part of the project, we 303 estimate that the costs of the two approaches would be approximately equal, 304
if repeated with the focussed aim of monitoring. The fruitbody survey included 305 3 x 10,000 km driving, and four months of salary (three months of collecting, 306 one month of identification) -excluding the aid from volunteers in the 307 fruitbody survey, whereas the eDNA-metabarcoding included 10,000 km 308 driving , approximately 6,000 USD lab consumables, and 3 months salary (1 309 month collecting, 2 months lab work and bioinformatics). Species 310 accumulation curves did not reach an asymptote for any of the datasets after 311 sampling of the 130 sites ( Fig. 2a ). This was most pronounced for the full 312 eDNA-metabarcoding dataset and least for the non-soil Agaricales fruitbody 313 dataset. eDNA-metabarcoding became increasingly similar to fruitbody data 314 with narrowed taxonomic focus. The variation in site species/OTU richness 315 across the 130 sites was lowest for eDNA-metabarcoding, and highest for 316 fruitbody data (markedly higher for non-soil fungi), but more similar with a 317 narrowed taxonomic focus (Fig. 2b) . with both methods (Fig. 1d, Supplementary Fig. 1d and 1h) . OTU richness 328 based on only Agaricomycetes or Agaricales were strongly correlated with 329 OTU richness based on the full data and (r = 0.74 and r = 0.8, respectively, 330 Supplementary Fig. 2) . 331 332
Overall taxonomic composition 333
Taxonomic composition of eDNA-metabarcoding and fruitbody data became 334 increasingly similar when going from full data to Agaricomycetes and 335 Agaricales ( Fig. 4, Supplementary Fig. 3, Supplementary Tables 1-4 ). 336
Fruitbody data was heavily skewed towards Basidiomycota (90 %), whereas 337 the eDNA-metabarcoding was composed of 39 % Ascomycota, 40 % 338
Basidiomycota, and 20 % species from other phyla ( Fig. 4a, Supplementary  339 table 2). However, the relative proportions and absolute frequencies of taxa 340 progressively converged when focussing on Agaricomycetes (Fig. 4b,  341 Supplementary Fig. 3c ) and Agaricales (Fig. 4c, Supplementary Fig. 3d ). The 342 non-soil fruitbody data was less dominated by Agaricomycetes and Agaricales 343 than the soil-fungi data. All phyla and classes (except Dacrymycetes and 344 Atractiellomycetes) were represented by more species/OTUs in the eDNA-345 metabarcoding than in the fruitbody data ( Fig. 4, Supplementary Fig. 3ab ). A 346 few Agaricomycetes orders (Polyporales, Hymenochaetales, Auriculariales, 347 Gomphales) were represented by more species in the fruitbody data than in 348 15 the eDNA-metabarcoding ( Supplementary Fig. 3c ). Almost all Agaricales 349 genera were detected by both methods and with roughly similar species 350 numbers. 351
Red-listed species 352
The soil surface fruitbody survey recorded more red-listed species than the 353 eDNA-metabarcoding ( Fig. 5 , Supplementary Table 5 ). was almost equal to the figures for OTUs (Fig. 5 ). When the 130 sites were 362 grouped into categories with 0, 1-2 or 3 or more red-listed species recorded 363 as fruitbodies or as OTUs, there was a good correspondence between the two 364 methods ( Supplementary Fig. 4) . 365 366 3.6 Community -environment relation 367
Mantel tests showed very similar and strong correlations between community 368 dissimilarity measures from fruitbody and eDNA-metabarcoding data, mantel r 369 = 0.67. In this case no improvements were achieved by increased taxonomic 370 overlap (Mantel-r = 0.68 and 0.62 for Agaricomycetes and Agaricales 371 respectively), or when restricted to soil-fungi (Mantel-r = 0.68, 0.71 and 0.64 372 for full data, Agaricomycetes and Agaricales respectively). These correlations 373 16 were corroborated by procrustes analyses with correlation coefficients of 0.87, 374 0.87 and 0.83, and 0.87, 0.87, 0.83 for soil-fungi for the same comparisons 375 (all p-values < 0.01). Environmental variables explained more of the 376 community dissimilarity for eDNA-metabarcoding data than for the survey 377 data, and the amount of explained variation was largest for the taxonomically 378 more inclusive datasets (Fig. 6) More species (OTUs) were detected by eDNA-metabarcoding than by the 390 classic fruitbody survey. This could mainly be attributed to the detection of 391 groups, which always go undetected in a fruitbody survey, e.g. diverse groups 392 of moulds and yeasts. The fruitbody survey data was strongly dominated by 393 fruitbody-forming basidiomycetes. In general, there was a relatively poor 394 correlation for richness measures and taxonomic composition between the 395 two full datasets, but increased strength of correlation when narrowing the 396 focus to Agaricomycetes and subsequently to just Agaricales. Similarly, 397 excluding wood-inhabiting and other non-soil fungi improved the 398 17 correspondence between the datasets, showing that these largely go 399 undetected in soil-based eDNA sampling. The fruitbody survey identified more 400 red-listed species, but the difference was less pronounced than anticipated, 401 and results were almost similar when delimited to soil-dwelling fungi only. 402 were markedly more species rich as eDNA OTUs than as well-delimitated 410 species identified from fruitbodies. Approximately half of the Agaricales 411 species recorded as fruitbodies were also found as OTUs and vice versa 412 ( Supplementary Fig. 1e ). Considering the very similar proportions of 413
Agaricales genera between the methods, it can be assumed that a large part 414 of non-overlapping species can be explained by incomplete DNA reference 415 data and different taxonomic concepts in handbooks for species identification 416 of fruitbodies compared to sequence databases. An effort to expand and 417 curate DNA reference databases is hence essential to improve future DNA-418 based ecological studies as already suggested by other researchers (Hibbett 419 et al., 2011; Hibbett et al., 2016; Nilsson et al., 2016; Yahr et al., 2016) . 420 421 4.2 Soil DNA captures soil-fungi 422 18 In this study, we extracted DNA from soil samples. Although DNA from non-423 soil fungi may be expected to be present in the soil, it has not earlier been 424 tested to what extend soil DNA can be used to register fungi not having their 425 active growing life-stages within the soil, such as wood decomposing fungi. 426
Several non-soil fungi were detected in this study, but they were observed in 427 much fewer sites than soil-fungi when comparing to the corresponding 428 fruitbody data. In fact, the few higher taxa that were more speciose in the 429 fruitbody data, were primarily non-soil taxa like Polyporales, 430
Hymenochaetales, Crepidotus, etc. It was, however, interesting to note that 431 Our results showed that community composition estimated from DNA-459 metabarcoding data correlated well with estimates based on fruitbody data. 460
This correlation did not change much after narrowing taxonomic focus to 461 Agaricomycetes/Agaricales, indicating that all approaches are suitable for 462 describing fungal communities and species turnover along environmental 463 gradients. However, eDNA-metabarcoding outperformed fruitbody data when 464 it came to correlation with environmental gradients expressed by independent 465 environmental variables for all subsets of data. Further, it appears that the 466 wider soil fungal community is more predictable than the fruitbody community. 467 This could be caused by fruitbodies constituting a more stochastic subset of 468 the total funga, or alternatively that Agaricomycetes and Agaricales depend 469 on less easily measured properties of the environment. Most species of 470
Agaricomycetes and Agaricales produce billions of spores that are effectively 471 dispersed (Peay & Bruns 2014 ) -which is not the case for some of the other 472 20 main groups of fungi in this study (Money 2016 ). Hence the detected 473 community of these by eDNA may in part be a signal from the spore bank. 474
The spore bank community has been shown to have relatively low correlation 475 with the active community of the same taxa for pine associated 476 ectomycorrhizal fungi (Glassman et al 2015) , and thus, the lower correlation 477 seen in our study may potentially be caused by a similar discrepancy. The 478 lower performance of fruitbody survey data likely also indicates that fruitbody 479 formation is more sensitive to e.g. unpredictable variation in weather 480 conditions. 481
As seen from the taxonomic composition the eDNA-metabarcoding has a 482 much higher proportion of Ascomycota and other phyla of 'micro-fungi', but 483 also a relatively lower proportion of non-soil Ascomycota and Basidiomycota. 484 DNA-metabarcoding thus targets a community with a larger proportion of 485 micro-fungi (possibly also due to PCR amplification biases), which must be 486 assumed to be more dependent on soil composition and humidity, whereas 487 the fruitbody data targets a community of macrofungi with a larger 488 dependence on the vegetation and above ground conditions. This is reflected 489 in light being among the best explanatory variables for the fruitbody data, and 490 soil moisture and pH for the eDNA-metabarcoding data. 491 492 4.5 Sampling efficiency/depth. 493
The results obtained in this study reflect the exact sampling protocols for 494 bothfruitbody survey and eDNA sampling, as well as the bioinformatics 495 processing of the sequence data. The fruitbody survey included three visits to 496 each site, and it is obvious that more sampling visits continuously will add to 497 21 the species list, and may be necessary to get a fully representative sample 498 (Halme and Kotiaho, 2012; Newton et al., 2003; Straatsma et al., 2015) OTUs) in our study, their yearly average of 101 is only slightly higher than the 514 average (93.5) of our forest/plantation sites after three 1 h visits, and we 515 predict that it would require much further effort to get a significantly larger 516 average species number for the fruitbody data. Presently, there is little 517 knowledge on which parameters are most important for getting a 518 representative sample with the eDNA-metabarcoding approach. We expect 519 that extracting and sequencing the 81 soil cores separately or sequencing 520 many sub-samples of the bulk sample would increase the number of detected 521
OTUs, but this would also pose a marked increase of lab consumables and 522 22 processing time. As many fungal mycelia must be assumed to be restricted in 523 size and/or time, and as our bulk sample only covers 0.01 % of the soil 524 surface, we expect that additional bulk samples -done at the same time or at 525 another time of the year -would be the most cost-efficient way of capturing a 526 larger sample of the real fungal community. 527 528 4.6 Practical applications 529
Both approaches represent surveys that are realistic to perform within the 530 limits of standard surveys and research studies, and expenses were roughly 531 comparable. For the full data, eDNA-metabarcoding resulted in more species 532 (OTU) observations (30,668) than the fruitbody survey (8,793), whereas the 533 numbers were more similar for Agaricomycetes (9,091 vs. 7,214) and 534 Agaricales (4,507 vs. 4,334). In our data, fruitbody richness was a relatively 535 weak predictor of total fungal richness as assessed with DNA metabarcoding, 536 but was a relatively good predictor of the richness of fruitbody forming fungi 537 (Agaricomycetes and Agaricales). This indicates that species richness of 538 these groups may be assessed interchangeably with eDNA-metabarcoding or 539 as fruitbodies. 540
For detection of red-listed species, eDNA-metabarcoding performed much 541 better than expected, but still we would recommend a manual search for fruit-542 bodies in all cases where larger areas need to be surveyed e.g. for 543 conservation value, as also suggested for wood-inhabiting fungi (Runnel et al., 
